Biofilm formation in Escherichia coli is a tightly controlled process requiring the expression of adhesive curli fibres and certain polysaccharides such as cellulose. The transcriptional regulator CsgD is central to biofilm formation, controlling the expression of the curli structural and export proteins and the diguanylate cyclase adrA, which indirectly activates cellulose production. CsgD itself is highly regulated by two sigma factors (RpoS and RpoD), multiple DNA-binding proteins, small regulatory RNAs and several GGDEF/EAL proteins acting through c-di-GMP. One such transcription factor MlrA binds the csgD promoter to enhance the RpoS-dependent transcription of csgD. Bacteriophage, often carrying the stx 1 gene, utilize an insertion site in the proximal mlrA coding region of E. coli serotype O157 : H7 strains, and the loss of mlrA function would be expected to be the major factor contributing to poor curli and biofilm expression in that serotype. Using a bank of 55 strains of serotype O157 : H7, we investigated the consequences of bacteriophage insertion. Although curli/biofilm expression was restored in many of the prophagebearing strains by a wild-type copy of mlrA on a multi-copy plasmid, more than half of the strains showed only partial or no complementation. Moreover, the two strains carrying an intact mlrA were found to be deficient in biofilm formation. However, RpoS mutations that attenuated or inactivated RpoS-dependent functions such as biofilm formation were found in .70 % of the strains, including the two strains with an intact mlrA. We conclude that bacteriophage interruption of mlrA and RpoS mutations provide major obstacles limiting curli expression and biofilm formation in most serotype O157 : H7 strains.
INTRODUCTION
When confronted with environmental stresses, strains of Escherichia coli and related Enterobacteriaceae express sets of genes that initiate the transition from a planktonic lifestyle to a multicellular behaviour that offers distinct advantages in stress tolerance, nutrient acquisition and survival. On solid surfaces, expression of curli fibres and certain polysaccharides, such as cellulose, colanic acid and poly-b-1, 6-N-acetyl-D-glucosamine, encase attached and closely associated bacteria in a protective matrix forming a biofilm (Zogaj et al., 2001; Van Houdt & Michiels, 2005) .
CsgD is the central regulator of biofilm production, controlling the curli fimbriae structural proteins encoded by csgBA and the diguanylate cyclase (DGC) encoded by adrA, which activates the cellulose synthase, BcsA, to initiate cellulose production (Gerstel & Römling, 2003) .
CsgD regulation is complex involving two sigma factors (RpoS and RpoD), a battery of DNA-binding proteins, small regulatory RNAs and several GGDEF/EAL proteins acting through the signal molecule c-di-GMP. Four twocomponent regulatory systems regulate csgD transcription by binding within the intergenic region of the divergently transcribed csgB and csgD genes. The EnvZ/OmpR and RstB/A systems induce csgD transcription in response to changes in osmolarity and low pH, respectively (Vidal et al., 1998; Ogasawara et al., 2007) . On the other hand, the RcsC/B and CpxA/R systems suppress csgD transcription in response to membrane alterations and cell envelope damage (Ferrières & Clarke, 2003; Dorel et al., 2006) . The MerR-like regulator, MlrA, binds to sites upstream of the 235 promoter region and positively regulates csgD transcription in E. coli strains that depend on RpoS for curli expression (Brown et al., 2001; Ogasawara et al., 2010a) . How MlrA is activated is currently unknown. The global carbon source regulator CRP also positively regulates csgD from a predicted binding site upstream of the 235 region and is likely responsible for the biofilm suppressive effect of glucose (Zheng et al., 2004; Jackson et al., 2002) . Integration host factor and H-NS, two DNAbending nucleoid proteins, with opposing effects on CsgD expression, contribute to csgD regulation by architectural changes and competition for overlapping binding sites in the intergenic promoter region. Integration host factor is a positive regulator of transcription that binds in two hot spots in the csgD promoter along with other transcription factors Ogasawara et al., 2010b) . Although the effects of H-NS have not been fully defined, it has been shown that csgD is suppressed when H-NS is bound to a large region of the csgD promoter that contains both transcription factor-binding hot spots described by Osagawara (Olsén et al., 1993; Ogasawara et al., 2010b) .
CsgD is also controlled indirectly by proteins that affect RpoS. The Crl protein interacts with RpoS to promote binding of the s s holoenzyme to the promoters of certain RpoS-regulated genes, including csgD (Bougdour et al., 2004; Robbe-Saule et al., 2006) . IraP is transcriptionally regulated by CsgD and indirectly induces csgD through its function as an RpoS stabilizer (Gualdi et al., 2007) . Finally, FliZ has been shown to reduce csgD expression by acting as an RpoS inhibitor without affecting RpoS levels (Pesavento et al., 2008) . FliZ is controlled by the flagellar master regulatory complex FlhDC and is important in the switch of motile cells to a non-motile multicellular state during late exponential-phase growth (Liu & Matsumura, 1994; Pesavento et al., 2008) .
No fewer than five small regulatory RNAs have been shown to regulate curli expression through binding in the 59 untranslated region of the csgD message (Thomason & Storz, 2010) . OmrA, OmrB, RprA, GcvB, and McaS all bind upstream of the ribosome-binding site and their mode of action likely involves inhibition of translational initiation and/or mRNA destabilization (Holmqvist et al., 2010; Jørgensen et al., 2012; Mika et al., 2012; Thomason et al., 2012) .
Two pairs of E. coli GGDEF/EAL domain proteins also antagonistically control csgD transcription by modulating cdi-GMP through their DGC and phosphodiesterase (PDE) activities, although the complete mechanism by which this is accomplished has not been worked out. Weber et al. (2006) showed that YdaM (DGC) increases and YciR (PDE) decreases csgD transcription. H-NS positively affects curli by enhancing ydaM and suppressing yciR expression. Control of c-di-GMP by YegE (DGC) and YhjH (PDE) downregulates flagellar synthesis but positively controls csgD transcription during the transition from logarithmic to stationary growth (Pesavento et al., 2008) . Transcription of yegE, like ydaM and yciR, is dependent on RpoS, but yhjH expression requires the flagellar s factor FliA (s 28 ). The GGDEF/EAL protein YhdA positively regulates both ydaM and csgD expression (Sommerfeldt et al., 2009) . YeaP (DGC) reduces curli expression without affecting CsgD expression, suggesting a direct influence on CsgBA (Sommerfeldt et al., 2009) .
Studies have concluded that RpoS orchestrates biofilm formation in E. coli and Salmonella enterica serovar Typhimurium with MlrA and YdaM stimulation playing a key role (Brown et al., 2001; Pesavento et al., 2008) . However, sequencing of the E. coli serotype O157 : H7 EDL933 (GenBank # AE005174.2) and Sakai (GenBank # BA000007.2) genomes revealed the insertion of a stx 1 -encoding bacteriophage in the proximal portion of yehV (mlrA) coding region. Moreover, Shaikh & Tarr (2003) reported that 92 of 93 (98.9 %) of serotype O157 : H7 strains carried a prophage in mlrA leaving the role of mlrA in serotype O157 : H7 biofilms in question.
Therefore, we hypothesized that phage integration into mlrA would reduce csgD expression and abolish curli expression in strains of E. coli serotype O157 : H7. The goal of this study was to determine how phage insertion in mlrA affects biofilm formation in strains of E. coli serotype O157 : H7. In addition, our findings uncovered a second major barrier to curli expression mediated by heterogeneous rpoS mutations. Beutin et al., 1989) and 52 clinical isolates from the Pennsylvania Department of Health, Exton, PA, USA (Hartzell et al., 2011) . Strain 43894OR, a constitutive curli-producing strain, was used as a positive control for curli isolations and for Congo red (CR) dye affinity (Uhlich et al., 2001) . Frozen stocks in brain heart infusion broth (Becton, Dickinson) with 20 % glycerol were used as a source for all experiments. CR binding was detected by spotting 3 ml of overnight cultures on Congo red indicator (CRI) plates and incubating for 48 h at 25 uC (Uhlich et al., 2006) . Plates were imaged using Epson Perfection 3200 Photo scanner/ Epson Scan software (Professional mode) with a light blue background at 600 dots per inch. E. coli strain EC100 (Epicentre) was used as a host for cloning. Primers described in this study are shown in Table 1 .
METHODS
DNA isolation and recombinant plasmid construction. DNA was isolated from strains using either the procedure described by Neumann et al. (1992) or the DNeasy Blood and Tissue kit (Qiagen). The RpoS promoter and coding region were amplified from strain ATCC 43895 with primers RpoS-F and RpoS-R and cloned into plasmid pCR2.1 TOPO (Qiagen) to create pTOPO : : rpoS. The mlrA gene was amplified from strain MG1655 using primers MlrA-F and MlrA-R and cloned into the HindIII site of pUC19 to create pUC19 : : mlrA.
PCR and sequencing. Bacteriophage insertions in mlrA (yehV) were investigated using a multiplex PCR and previously described primers complementary to regions flanking the bacteriophage insertion site in mlrA (primers A and B) and to the ends of the predominant bacteriophage occupying the mlrA insertion site (primers E and F) (Shaikh & Tarr, 2003) (Table 1 ). PCR assays (25 ml) were set up using the Qiagen Multiplex PCR Master Mix (Qiagen), 0.56 Q-Solution, 1.5 ml template DNA and primers at a final concentration of 0.5 mM each. Cycling conditions were as recommended by the manufacturer using a 57 uC annealing temperature (Qiagen). The mlrA and rpoS genes, including upstream regions, were amplified and sequenced using the listed primers (Table 1 ). The sequences of the approximately 1.9 kb fragment encoding rpoS in each of the 55 serotype O157 : H7 strains have been deposited in NCBI GenBank under accession numbers JX680258-JX680312.
Biofilm assays. Starter cultures were grown in Luria-Bertani broth prepared without salt (LB-NS) at 37 uC for 18 h. Cultures were diluted 1 : 100 in fresh LB-NS and 100 ml samples of each strain were dispensed into six replicate wells of a 96-well plate. The plates with samples were incubated at 25 uC for 48 h in a sealed humidity chamber to prevent loss of sample volume. Supernatants were removed and the wells were washed three times with water using a Nunc-Immuno Wash 8 plate washer (Nalge Nunc International). Biofilm was detected by addition of 200 ml of a 0.1 % crystal violet (CV) solution per well for 30 min followed by three water washes and destaining with 200 ml of 95 % ethanol for 30 min, and OD 590 values were measured.
Curli enrichment and staining. Curli fibres, which are recalcitrant to SDS solubilization, were purified using the enrichment procedure developed by Bokranz et al. (2005) with minor modifications. Approximately 15 mg of bacterial cells (wet weight) were recovered from a CRI plate incubated at 25 uC for 48 h and incubated in 0.7 ml TE (10 mM Tris, 1 mM EDTA, pH 7.5) containing 2 % SDS for 45 min at 95 uC. The lysed samples were centrifuged and the SDSinsoluble pellets were collected and washed twice with 1 ml of water. After removing the final wash, pellets were suspended in 100 ml formic acid, transferred to pre-chilled 2 ml glass vials (Wheaton) and incubated on a 220 uC cooling block for 10 min. The formic acid was evaporated under a nitrogen manifold for 15 min at 45 uC. After removal of formic acid, each sample was suspended in 100 ml of 26 Laemmli sample buffer supplemented with b-mercaptoethanol (Bio-Rad). Samples (15 ml) were loaded on an Any kD TGX gel (Bio-Rad) and resolved by electrophoresis in Tris-Glycine-SDS buffer (25 mM Tris, 192 mM glycine, 0.1 % w/v SDS, pH 8.3) (Bio-Rad). CsgA subunits were visualized with Bio-Safe Coomassie Stain G250 (Bio-Rad).
Catalase tests. Strains were screened for catalase activity by placing a small loop of bacteria collected from an 18-24 h colony onto a glass slide and exposing the bacteria to a drop of 30 % H 2 O 2 . Results were graded as: -(no bubble formation), 1+ (immediate, weak bubble formation), 2+ (immediate, moderate bubble formation), or 3+ (immediate, strong bubble formation). Catalase-positive strains with delayed, rather than immediate, bubble formation were noted.
RESULTS
CR dye affinity and biofilm formation are limited in E. coli serotype O157 : H7 strains CR dye affinity scores for each of the 55 serotype O157 : H7 strains following 48 h growth on CRI plates are shown in Table  2 . The appearance of selected strains on CRI agar is shown in Fig. 1 . The dry nature of control strain 43894OR caused reflection of light resulting in a lighter appearance to the spotted colony centre. However, the actual dark red colour is visible at the colony edge. None of the strains retained CR except strains PA32 and PA46, which showed low to moderate affinity. Curli were detected only from strain PA46 (uncomplemented results in Fig. 2 ). When incubated in 96-well polystyrene plates in LB-NS for 48 h at 25 uC, only strain PA1 retained small amounts of CV (Table 2 ).
The mlrA gene is interrupted by a prophage in most strains of E. coli serotype O157 : H7
The lack of curli production led us to question whether mlrA is interrupted in these strains. Three different banding patterns were observed from the PCR products using mlrA and bacteriophage-specific primers ( Fig. 3 and Table 2 ). Strains PA11 and PA32 showed only the A/B product with no amplification with either the A/E or F/B primer pairs indicating that these strains did not carry a prophage in mlrA.
Primer pair F/B amplified product in 53 strains, while primer pair A/E amplified product in 49 of the 53 F/B-positive strains. This indicates that 53 of 55 serotype O157 : H7 strains (96.4 %) contained a prophage in the mlrA insertion site. Of those 53 strains, 4 contained prophages with no hybridizing site for the E primer suggesting that the terminus encoding the predicted excisionase (xis) and integrase (intV) genes is more conserved.
In addition to the product generated by primers spanning the prophage junctions in each of the 53 strains bearing a prophage, the A/B primer pair also amplified product of the size expected for an unoccupied mlrA site. However, the amplified A/B product in these strains stained faintly compared to the A/B product generated in strains PA32 and PA11, and compared to the phage junction-specific product (F/B and/or A/E) in each respective strain (Fig. 3) . These results indicate that a small fraction of the cells in broth cultures of those strains bearing a prophage in the mlrA site had lost the bacteriophage and restored mlrA as previously reported (Shaikh & Tarr, 2003) .
MlrA does not trans-complement CR binding, curli expression and/or biofilm formation in all strains with phage insertions in mlrA Next, we tested whether disruption of mlrA could fully explain the observed defects in curli and biofilm formation. The complete results of CR affinity (red colour associated with 48 h growth on CRI agar), biofilm formation and curli isolations in each isolate of the group of 55 serotype O157 : H7 strains following transformation with a plasmid bearing the mlrA promoter and coding region are listed in Table 2 . Colour characteristics on CRI plates and curli production for selected strains are pictured in Figs 1 and 2. Strain PA24, which had naturally occurring ampicillin resistance, was not tested. Strains PA11 and PA32, which do not carry the mlrA prophage and have an mlrA sequence identical to that predicted for an intact mlrA in E. coli EDL933 (GenBank accession #AE005174), showed no changes in biofilm formation following transformation, although both strains showed moderate increases in CR affinity and CsgA staining. Apparently, MlrA augmentation stimulated enough curli expression to increase CR binding but not biofilm formation.
When MlrA was expressed in strains that carried a prophage in mlrA, the resulting strains could be broken into three groups. A group of 24 strains failed to show changes in CR binding or biofilm formation following transformation, e.g. PA3 and PA23 ( Fig. 1 and Table 2 ), suggesting that curli and biofilm deficiencies in those strains cannot be explained by disruption of mlrA alone. In contrast, the other two groups of strains all showed varying degrees of trans-complementation of the biofilm-producing and/or CR-binding deficiencies. A group of 15 strains showed increases in both CR affinity and biofilm formation and a group of 13 strains showed only increases in CR affinity. These findings suggest that mlrA loss alone contributes to curli and/or biofilm deficiencies in nearly half of the strains carrying mlrA prophages but the remaining prophage-bearing strains are affected by a different or an additional mechanism.
Catalase activity is reduced in the prophagebearing strains that failed to be transcomplemented by mlrA
We next hypothesized that the inability to restore curli and biofilm formation in all prophage-bearing strains by transcomplementation with mlrA was due to a defect in a different regulator such as RpoS. The RpoS sigma factor is central to the E. coli transition from a motile to an adhesive lifestyle during entry to stationary phase (Pesavento et al., 2008) . We screened 55 strains for catalase activity, which provides an indirect measure of RpoS function (Table 2) . There was strong catalase activity in each of the group of 15 strains where pUC19 : : mlrA complemented both CR binding and biofilm deficiencies except for strains PA10, PA27, PA33 and PA40 which showed lower and/or delayed catalase activity; these four strains also had the lowest trans-complemented biofilm formation in that group. All strains in the group where only CR binding was complemented by pUC19 : : mlrA showed catalase activity, but the activity was quite varied and often delayed. In the large group of strains where pUC19 : : mlrA failed to restore CR binding or biofilm formation, the catalase activity was absent, low or delayed in nearly all strains suggesting that RpoS function might be more compromised in that group of strains.
E. coli O157 : H7 strains carry diverse mutations within rpoS
In order to determine whether these differences in activity were due to mutations within rpoS, this gene was sequenced from all 55 strains (Table 2 and Fig. 4) . Fifteen of the 55 serotype O157 : H7 strains, including 43895, had full-length predicted RpoS protein sequences mlrA and rpoS regulation of serotype O157 : H7 biofilms 
Restoration of phenotypes by rpoS and mlrA complementation
The effect on CR binding of a subset of strains transformed with plasmids pTOPO : : rpoS and pUC19 : : mlrA is shown in Fig. 1 . Strains PA3 and PA23 contain rpoS truncations and produced no catalase activity indicating a nonfunctional RpoS (Table 2 ). The rpoS of strains PA11 and PA32 encode a truncation and a substitution, respectively, but each strain retained some catalase function (Table 2) . Strains PA1 and PA46 carried wild-type rpoS and had high catalase activity (Table 2 ). Plasmid pTOPO : : rpoS complemented the CR-binding deficiencies of the strains with sequence abnormalities in rpoS provided that they also contained an intact mlrA (PA11 and PA32), but not when they carried prophage insertions in mlrA (strains PA3 and PA23). In those strains with a correctly encoded rpoS, but with a prophage in mlrA (PA1 and PA46), additional RpoS increased CR affinity indicating that overexpression of rpoS may alleviate its requirement for transcriptional enhancement by MlrA. The absence of a dry appearance in strains PA11 and PA32 expressing pTOPO : : rpoS suggests less than full complementation and we cannot rule out the possibility that these strains might contain mutation(s) other than those in rpoS which also reduce curli expression.
Plasmid pUC19 : : mlrA complemented the CR-binding deficiencies of strains with a prophage-disrupted mlrA if Character and location of RpoS mutations compared to the wild-type predicted amino-acid sequence; S, substitution; FS, frame-shift; T, truncation; IFI, in-frame insertion. # Catalase activity of bacteria harvested from LB agar following 18 h growth at 37 u C; 2 delayed onset of activity. mlrA and rpoS regulation of serotype O157 : H7 biofilms the strains also carried a wild-type rpoS (PA1, PA46, and 43895) but not when rpoS had mutated (PA3 and PA23). When mlrA was overexpressed in strains with an intact mlrA (PA11 and PA32), the additional MlrA apparently enhanced the residual RpoS function in those strains resulting in partial complementation. Control strain 43894OR, whose CsgD expression is independent of RpoS, was unaffected by either plasmid as expected. 18  17  16  15  14  13  12  11  10  9  8  7  6  5  4  3  2  1  19   M  3 7  36  35  34  33  32  31  30  29  28  27  26  25  24  23  22  21  20   M  5 2  43895   06F00475  B6-914   51  50  49  48  47  46  45  44  43  42  41  40 Collectively, these studies indicate that prophage insertions in mlrA result in decreased curli and biofilm expression in those strains where csgD transcription is dependent on RpoS. Most of the strains in this clinical isolate collection also contained mutations in rpoS, many of which reduced curli/biofilm expression. Mutations in rpoS represent an additional barrier reducing curli-dependent phenotypes in strains with prophage insertions in mlrA.
DISCUSSION
The importance of curli expression for serotype O157 STEC strains was shown in the study by Rosser et al. (2008) where curli-expressing serotype O157 : H 2 strains formed more biofilm and adhered to intestinal cells in greater numbers than the curli-deficient serotype O157 : H7 strains. Evolutionary scenarios predict that serotypes O157 : H 2 and O157 : H7 diverged before serotype O157 : H7 lost the ability to ferment sorbitol and before the acquisition of prophage in the mlrA (yehV) gene (Shaikh & Tarr, 2003) . Our study indicates that the low curli/biofilm expression reported in serotype O157 : H7 is a result of this evolutionary phage acquisition. Biofilmforming O157 : H7 strains have been described, including reports of biofilm induction under prolonged incubations or nutrient deprivation (Carter et al., 2011; Uhlich et al., 2006) . Although the mlrA genotype and its contribution to csgD expression were not addressed in those studies, it is likely that the strains either did not carry the mlrA prophage or utilized MlrA produced after bacteriophage excision. Alternatively, such strains may have acquired other mutations that bypassed a requirement for MlrA.
In biofilm-forming wild-type E. coli strains, RpoS generated during entry into stationary growth initiates MlrA production, which binds upstream of the csgD promoter inducing architectural changes that allow RpoS-directed transcription of the csg genes (Brown et al., 2001) . Loss of mlrA would decrease RpoS recruitment to the csgD promoter and might also alter RpoS driven transcription by affecting the binding affinities of other transcription factors that attach in the csgD promoter. However, loss of RpoS would disconnect the csgD promoter from all regulatory factors affecting RpoS-dependent transcription and likely make csgD transcription fully dependent on RpoD. Our unexpected finding that mlrA on a multi-copy plasmid failed to restore curli production in .50 % of the prophage-bearing strains led to the discovery of wides- 
(single bp change) 4, 10, 12, 17, 19, 25, 26, 27, 33, 38, 39, 40, 42, 43, 44, 48, 50, 51 (single bp change) 2, 9, 13, 24, 28, 45, 32 Termination Substitution Frame shift 31 n=1 n=15 n=14 n=7 n=8 3, 11, 16, 18, 21, 23, 29 30, 34, 35, 36, 37, 41, 49 1, 5, 6, 7, 8, 14, 15, 20, 22, 46, 47, 52, 43895, 06F00475, B6-914 (insertion or deletion)
In-frame insertion (6 bps insertion) WT (Waterman & Small, 1996; Robey et al., 2001; Coldewey et al., 2007; Parker et al., 2012; Uhlich et al., 2012; Galhardo et al., 2007) . RpoS decreases transcription of rpoD-dependent, nutrient scavenging genes during nutrient starvation which creates a selective pressure for mutations that reduce RpoS function as described in GASP (Growth Advantage in Stationary Phase; Zambrano et al. 1993; Ferenci, 2003) . Selection for attenuation rather than elimination of RpoS function, which is driven by the need for at least some RpoS function during additional stresses, has also been proposed (Galhardo et al., 2007 , Ferenci, 2003 . Mutations conferring partial function would increase fitness during nutrient depletion and yet provide some RpoS function to drive stress resistance genes. In our clinical isolates, the majority of RpoS mutations retained some function, and when complemented with mlrA, a pool of individuals with a wide range of curli and biofilm-forming capabilities was created.
A population with such diverse levels of curli expression would likely contain individuals adapted for each of the many stressful environments encountered during and following passage through the host. It is not known if a requirement for curli expression in nutrient-deprived populations plays a role in selecting functional RpoS mutations, or if increases in curli production and the benefits thereof are purely serendipitous. However, as these studies show, curli expression would be relevant only in strains that are able to reverse or circumvent mlrA deficiencies.
While the diverse nature of the rpoS mutations in these strains suggests a random process for their generation, there were four strain groups, each with a common point mutation directly generating a stop codon that may signal sites of hyper-mutability. Mutation of the third codon in PA10 and PA27 would be expected to abolish RpoS function and biofilm production in the mlrA-complemented strain. But surprisingly, those strains showed catalase activity and intermediate curli and biofilm formation. This activity could be explained by translational reinitiation from a secondary translational initiation site (Subbarayan & Sarkar, 2004b) . Many E. coli strains contain a C-T transition at nucleotide 97 resulting in the introduction of an amber stop codon at codon 33 which abrogates RpoS in suppressor-free strains. Translation can be reinitiated at a secondary transcriptional initiation region (TIR) containing a GTG start codon located downstream at codon 54 that produces a 59-truncated RpoS with attenuated RpoS function. Initiation from the secondary start site is dependent on elimination of the primary upstream start codon (Subbarayan & Sarkar, 2004a) . In contrast, three strains (PA42, PA19 and PA26), with rpoS truncation after codon 51, showed a low level of catalase activity with weak or no restoration of curli and/or biofilm production in the mlrA-complemented strains suggesting lower RpoS activity than strains PA10 and PA27. Interestingly, the premature stop-codon characteristic of this group was located within the secondary TIR between the Shine-Dalgarno sequence and the start codon, and changed the sequence but not the length of the intervening space. Changing the length of the space between the Shine-Dalgarno sequence and the start codon affected translation but the effect of sequence changes has not been studied (Subbarayan & Sarkar, 2004a) . While the unexpected RpoS-dependent functions observed in certain strains carrying truncating rpoS mutations near their 59 end suggests expression from a secondary TIR, not all strains with early truncation showed significant RpoS function indicating strain variation, which may reflect differences elsewhere in the regulation pathway. Strains with truncations in the middle and distal portions of RpoS or with single amino acid substitutions showed varying degrees of functional attenuation and those variations may result from domain-specific RpoS changes or from indirect effects from additional mutations outside RpoS. Interestingly, three of four strains in the AA262 truncation hotspot showed intermediate RpoS functions suggesting that hotspots could favour RpoS attenuation rather than inactivation.
In this study we have shown that the evolutionary acquisition of bacteriophage in the coding sequence of mlrA created a major impairment to curli and biofilm expression in serotype O157 : H7. In addition, clinical isolates of serotype O157 : H7 show a high frequency of mutations in the rpoS gene, likely induced by exposure to stressful environments, which would impose additional barriers to curli expression and reduce or abolish expression in those few strains that produce MlrA. The negative effects of RpoS loss on curli/biofilm expression may be minimized by the formation of attenuated rather than null RpoS mutants, the diversity of which may provide curli expression suitable for survival in varied environments. The results of this study suggest that biofilm formation in serotype O157 : H7 may require regulatory adjustments to the traditionally described pathways utilized by other E. coli serotypes.
